Antipsychotic drug treatment of schizophrenia may be complicated by side effects of widespread dopaminergic antagonism, including exacerbation of negative and cognitive symptoms due to frontal cortical hypodopaminergia. Atypical antipsychotics have been shown to enhance frontal dopaminergic activity in animal models. We predicted that substitution of risperidone for typical antipsychotic drugs in the treatment of schizophrenia would be associated with enhanced functional activation of frontal cortex. We measured cerebral blood oxygenation changes during periodic performance of a verbal working memory task, using functional MRI, on two occasions (baseline and 6 weeks later) in two cohorts of schizophrenic patients. One cohort (n ‫؍‬ 10) was treated with typical antipsychotic drugs throughout the study. Risperidone was substituted for typical antipsychotics after baseline assessment in the second cohort (n ‫؍‬ 10). A matched group of healthy volunteers (n ‫؍‬ 10) was also studied on a single occasion. A network comprising bilateral dorsolateral prefrontal and lateral premotor cortex, the supplementary motor area, and posterior parietal cortex was activated by working memory task performance in both the patients and comparison subjects. A two-way analysis of covariance was used to estimate the effect of substituting risperidone for typical antipsychotics on power of functional response in the patient group. Substitution of risperidone increased functional activation in right prefrontal cortex, supplementary motor area, and posterior parietal cortex at both voxel and regional levels of analysis. This study provides direct evidence for significantly enhanced frontal function in schizophrenic patients after substitution of risperidone for typical antipsychotic drugs, and it indicates the potential value of functional MRI as a tool for longitudinal assessment of psychopharmacological effects on cerebral physiology.
T he introduction of antipsychotic drugs such as chlorpromazine and haloperidol to clinical practice in the 1950s provided the first effective treatment for schizophrenia. The efficacy of these drugs in treating positive symptoms of schizophrenia (such as hallucinations and delusions) is highly correlated with their affinity for postsynaptic dopamine (D 2 ) receptors (1), suggesting that psychotic symptoms might be caused by excessive dopaminergic effects or hyperdopaminergia (2) . However, antipsychotic drug treatment has frequently been complicated by serious side effects of widespread D 2 antagonism, notably an extrapyramidal or parkinsonian syndrome caused by antagonism of the dopaminergic projection from substantia nigra to corpus striatum. In the last 10 years, a new generation of antipsychotic drugs, including clozapine, olanzapine, and risperidone, has offered an effective therapeutic alternative to traditional agents with reduced nigrostriatal blockade. These newer compounds are often referred to as ''atypical'' antipsychotic drugs because of their lack of ''typical'' parkinsonian effects in both animal models and patients (3) . Compared with typical antipsychotics, atypical drugs are also more effective in treating secondary negative signs of schizophrenia (such as apathy and social withdrawal) (4), [though atypicals may not have superior efficacy for primary (deficit) symptoms (5)] and have been associated with improved performance on cognitive tasks dependent on frontal lobe function (6, 7) . Like the reduced incidence of parkinsonism, these therapeutic and cognitive benefits of atypical antipsychotic treatment have been attributed to the relative selectivity of D 2 antagonism mediated by these drugs (8) . Compared with typical antipsychotics in animal models, atypical drugs are less effective antagonists of the mesocortical dopaminergic projection from ventral tegmentum to prefrontal cortex (although they do effectively block postsynaptic effects of the mesolimbic dopaminergic projection from ventral tegmentum to limbic cortex). Indeed, atypical antipsychotics have been shown to augment prefrontal dopaminergic activity in animal models (9) .
Functional integrity of prefrontal cortex (PFC) is critical for normal working memory-i.e., the short-term storage of information and its executive manipulation to guide behavior in the absence of environmental cues (10) (11) (12) . Performance on working memory tasks is normally associated with prefrontal dopamine release (13, 14) and is impaired by dopamine depletion (13) . Working memory deficits have been well documented in schizophrenic patients (15) , and impaired working memory is central to several contemporary models of negative and disorganized symptoms in schizophrenia (11, 16, 17) . Functional imaging studies of schizophrenic patients performing cognitive tasks that demand executive processing and͞or working memory have frequently demonstrated reduced prefrontal blood flow, or ''hypofrontality,'' compared with healthy comparison subjects (18) (19) (20) (21) . Hypofrontality in schizophrenic patients can be corrected by administration of dopamine agonist drugs (22) . In light of these and other observations, it has been suggested that negative signs and cognitive deficits associated with schizophrenia may reflect impaired prefrontal cortical function, because of reduced dopaminergic drive to PFC via the mesocortical projection (16, 18, (23) (24) (25) . If this hypodopaminergic model of PFC function in schizophrenia is correct, one can see that typical antipsychotic drugs could exacerbate some of the symptoms they are intended to treat. It could also explain improvement in cognitive and negative symptoms after substitution of atypical antipsychotic drug treatment. However, there is as yet no direct evidence from human studies that, compared with typical antipsychotics, atypical drugs do indeed enhance prefrontal function.
We predicted that substitution of risperidone for typical antipsychotic drugs in the treatment of patients with schizophrenia would be associated with enhanced functional activation of neural systems for working memory, hypothetically due to relatively increased dopaminergic drive to frontal cortex.** Methods Subjects and Study Design. Twenty right-handed male patients with chronic schizophrenia were recruited from the Bethlem Royal and Maudsley National Health Service Trust, London. All patients had been hospitalized on at least one occasion and were receiving stable doses of typical antipsychotic drugs for at least one month prior to participation; they had no history of neurological disease or alcohol or other substance abuse in the preceding 6 months. A group of 10 right-handed male volunteers, with no history of neurological or psychiatric disease, was recruited from the local community by advertisement. There was no significant difference between patient and comparison groups in age (ANOVA: F ϭ 0.06; df ϭ 2, 27; P ϭ 0.93) or premorbid IQ (ANOVA: F ϭ 1.99; df ϭ 2, 27; P ϭ 0.16), as measured with the National Adult Reading Test (NART) (26); see Table 1 for details.
Comparison subjects were examined by using functional magnetic resonance imaging (fMRI) on a single occasion; patients were scanned twice, once at recruitment (baseline) and again 6 weeks later. On each occasion, patients were also symptomatically assessed by using the Positive and Negative Syndrome Scale for Schizophrenia (PANSS) (27) . Within 1 week of the baseline assessment, half of the patient group started treatment with risperidone only, whereas the other half continued treatment with a variety of typical antipsychotic drugs. The assignment of patients to atypical or typical treatments for the duration of the study was decided naturalistically by the psychiatrists responsible for their clinical care at the Maudsley Hospital, London. In practice, this meant that patients were assigned to risperidone treatment because of uncontrolled psychotic symptoms or intolerable parkinsonian side effects after a preliminary trial of typical antipsychotic treatment. In accordance with the manufacturer's guidelines for use of risperidone in the U.K., patients were switched to risperidone within 5 days of baseline assessment and were then maintained on a stable dose until the second assessment. Typically and atypically treated cohorts were well matched for duration of illness [12.9 Ϯ (SD) 6.6 and 12.6 Ϯ 10.1 years], age at onset of illness (24.3 Ϯ 6.5 and 25 Ϯ 6.9 years), and dose of typical antipsychotic drugs administered before recruitment (194.5 Ϯ 168.8 and 282.9 Ϯ 161.3 chlorpromazine equivalent mg͞day). There were no significant between-group differences in any of these variables. The mean dose of risperidone received by the cohort of patients switched to atypical drug treatment was 4.6 Ϯ 1.7 mg͞day. Some patients were also taking adjunctive anticholinergic treatment: 6͞10 of the typically treated cohort were taking procyclidine (mean dose ϭ 10.8 Ϯ 5.8 mg͞day) at baseline and at 6 weeks; 4͞10 patients in the risperidone-treated cohort were taking procyclidine (mean dose ϭ 5 Ϯ 0 mg͞day) at baseline and 3͞10 patients were doing so at 6 weeks (mean dose ϭ 5 Ϯ 0 mg͞day). The difference between cohorts in frequency of anticholinergic treatment was not significant at baseline or 6 weeks (Fisher's exact test: P ϭ 0.57).
Written informed consent was obtained from all participants. The study was approved by the Bethlem Royal and Maudsley Hospital (Research) Ethical Committee.
fMRI. Verbal working memory experiment. We used a blocked periodic design to activate brain regions specialized for executive and active maintenance components of verbal working memory, as originally described by Cohen et al. (12) . Two contrasting conditions were visually presented in 30-s epochs to subjects by means of a prismatic mirror as they lay in the scanner. During each epoch of the control condition, subjects viewed a series of 13 letters, which appeared one at a time with interstimulus interval (ISI) ϭ 2.3 s, and were required to press a button with their right index finger when the letter X appeared. During each epoch of the working memory condition, subjects again viewed a series of 13 letters (ISI ϭ 2.3 s) and were required to press a button with their right index finger if the currently presented letter was the same as that presented two trials previously (e.g., G-D-G, but not R-L-F-R or T-T). The two conditions were matched for number of target letters presented (2 or 3 targets per epoch, with a total of 11 targets during the experiment for each condition). Five cycles of alternation between conditions were presented in the course of each 5-min experiment; the control condition was always presented first. Subject performance on both tasks during scanning was monitored in terms of reaction time to target letters and accuracy (number of target letters correctly identified). All subjects received identical training in task performance prior to scanning.
Image acquisition. Gradient-echo echoplanar magnetic resonance images were acquired by using a 1.5-tesla GE Signa System (General Electric, Milwaukee, WI) fitted with Advanced NMR hardware and software (ANMR, Woburn MA) at the Maudsley Hospital. In each of 14 noncontiguous planes parallel to the intercommissural (AC-PC) line, 100 T2*-weighted magnetic resonance images depicting BOLD contrast (28) were acquired: time to echo (TE) ϭ 40 ms, repetition time (TR) ϭ 3 s, in-plane resolution ϭ 3.1 mm, slice thickness ϭ 7 mm, slice skip ϭ 0.7 mm.
Image analysis. Head motion during scanning was estimated and corrected in each scan (29) ; there were no significant differences in stimulus-correlated motion between patient cohorts at baseline or 6 weeks, or between patients and controls. Experimentally determined power was estimated in each motion-corrected fMRI time series by sinusoidal regression. The regression model included a pair of sine and cosine waves at the frequency of alternation between conditions (1͞60 Hz) with amplitudes ␥ and ␦, respectively. The sign of ␥ indicates the timing of periodic response with respect to the experimental design: if ␥ Ͼ 0, maximum signal is observed during the first (control) condition; if ␥ Ͻ 0, maximum signal is observed during the second (working memory) condition. These parameters were estimated by an iterated least-squares procedure, modeling the residuals of a preliminary ordinary least-squares fit as a firstorder autoregressive process (30) . The sum of squared amplitudes,
, divided by its standard error, yielded an estimate of standardized power at the experimentally determined frequency (P) at each voxel.
To identify voxels that were significantly activated over all subjects in a group, we used permutation testing. Each observed fMRI time series was randomly permuted 10 times, and P was estimated after each permutation. This resulted in 10 maps (for each subject at each plane) of P estimated under the null hypothesis. All maps of P (observed and permuted) were identically registered in standard space (31) , and smoothed by a two-dimensional Gaussian filter with full width at half maximum ϭ 7 mm. Generically activated voxels were then identified by comparing the median value of P at each voxel of the observed maps to its permutation distribution. If observed median P exceeded the 100⅐(1 Ϫ ␣)th percentile value of the permutation distribution, then that voxel was considered generically activated by a one-tailed test of size ␣ Ͻ 0.005. Generically activated voxels with median ␥ Ͻ 0 were colored and superimposed on a spoiled gradient recalled (SPGR) template image to create a generic brain activation map (GBAM) (32) .
To estimate and test the effect of substituting risperidone for typical antipsychotic drugs on the power of functional activation in the group of patients, we adopted the following approach. A two-way analysis of covariance (ANCOVA) model was specified as below, and fit by least squares to the 40 observations of power (P) available at each intracerebral voxel in standard space:
[1]
Here ␤ 0 denotes the overall mean power of response at a given voxel; C is a factor coding cohort membership (typically or atypically treated) for each observation; T is a factor coding time (baseline or 6 weeks) for each observation; (C ϫ T) is a factor coding the interaction between cohort and time; S1, S2, and S3 are scores on positive, negative, and global symptom subscales of the Positive and Negative Syndrome Scale for Schizophrenia at the time of each observation; and is an error term.
To identify voxels where there was a significant effect of drug substitution, we tested the null hypothesis that ␤ 3 ϭ 0 by permutation, with two-tailed probability of false positive error ␣ ϭ 0.05 (29, 33, 34) . To minimize the number of tests conducted at this threshold, only the 285 voxels that were generically activated in the generic brain activation map computed from all 40 data sets in the group of patients were tested for an effect of drug substitution. Over this search volume and at this size of test, we expect 13 false positive tests.
The mean power of response in four brain regions [supplementary motor area (SMA), right prefrontal cortex, and bilateral posterior parietal cortex] was estimated for each subject at each assessment. A set of four index voxels was defined by the Talairach coordinates of the most significant cohort ϫ time interactive effects identified by voxel-level ANCOVA, and the power of functional response was averaged over each index voxel and its eight nearest neighbors in two dimensions (total cortical volume ϭ 0.57 cm 3 for each region).
Results
Clinical and Behavioral Data. The patients who were subsequently switched to risperidone treatment had higher scores on positive, negative, and global psychopathology scales at both assessments than did patients who continued on typical antipsychotic drug treatment. There were no significant changes on any psychopathology scale between baseline and 6 weeks in either cohort, although the risperidone-treated cohort showed a nonsignificant trend toward improvement on all three scales; see Table 1 . All subjects were able to perform the task with a high degree of accuracy. There was no significant difference between cohorts in the mean change in reaction time between baseline and 6 weeks. (t test; t ϭ 1.43; df ϭ 18; P ϭ 0.17); see Table 1 .
fMRI Data. The generic brain activation maps computed from both groups of data, patients and comparison subjects, demonstrated a remarkably similar pattern of functional activation in three main brain regions: (i) the SMA, approximate Brodmann area (BA) 6, extending inferiorly to cingulate gyrus (BA 32); (ii) dorsolateral prefrontal cortex (BA 9) extending inferiorly to inferior frontal gyrus (BA 44) and superiorly to lateral premotor cortex (BA 6); and (iii) parietal cortex, extending from the angular and supramarginal gyri (BA 39, 40) to precuneus (BA 7) and dorsal BA 19 medially and superiorly. Frontal and parietal regions were activated bilaterally. Talairach coordinates and other details for these regional foci of activation are given in Table 2 ; selected slices of the generic brain activation map computed from the patients' data are shown in Fig. 1 .
A significant interaction between cohort and time was identified by ANCOVA at 37 voxels in total. These were mainly located in right dorsolateral prefrontal cortex (BA 9, 46; 15 voxels at x, y, z coordinates 46, 8, 31), the SMA (BA 6; 7 voxels at 6, 19, 42), and bilateral precuneus (BA 19; 5 voxels at 23, Ϫ64, 42 and 3 voxels at Ϫ26, Ϫ61, 42). The largest interactive effect was located in SMA; ␤ 3 ϭ 0.5. Selected slices of the ANCOVA map, showing voxels where there was a significant enhancement of response in the risperidone-treated cohort at 6 weeks, are shown in Fig. 1 .
The effects of drug substitution on regional power of response in right DLPFC and SMA are graphically summarized in Fig. 2 . Also shown are the effects of drug substitution on a measure of supraregional power obtained by averaging estimates of regional mean power over all four regions for each subject at each assessment. The two-way ANCOVA model, Eq. 1, was also fitted with supraregional power as the dependent variable, and the standardized coefficient ␤ 3 was tested against critical values of the t distribution. The interactive effect of cohort by time was statistically significant at this multiregional level of analysis: t ϭ 2.6, df ϭ 33, two-tailed ␣ ϭ 0.01.
Discussion
This study tested the prediction that substituting risperidone for typical antipsychotic drugs in the treatment of patients with schizophrenia would cause increased functional activation of frontal cortex during performance of a working memory task, T1, typically treated patient cohort at baseline; T2, typically treated patient cohort at 6 weeks; R1, risperidone-treated cohort at baseline; R2, risperidonetreated cohort at 6 weeks; C, comparison subjects. PANSS, Positive and Negative Syndrome Scale for Schizophrenia (27) . Dose of antipsychotic medication is given as chlorpromazine equivalents, with the exception of R2, where the dose is of risperidone. Standard deviations are given in parentheses. *Maximum ϭ 11.
hypothetically caused by enhanced mesocortical dopaminergic effects. fMRI was used to assess longitudinal changes in cerebral blood oxygenation in 10 patients with chronic schizophrenia treated for a period of 6 weeks with risperidone. This cohort was compared with another cohort of 10 patients who continued treatment with typical antipsychotics, thus controlling for effects of practice on repeated imaging measurements. The data were consistent with our prediction. We found that switching patients from typical antipsychotic drugs to risperidone was associated with increased power of functional activation by the working memory task in right dorsolateral prefrontal cortex, SMA, and precuneus. This effect was estimated by a two-way ANCOVA model, specified to control for possible confounding effects of differences between cohorts in symptom status, and was statistically significant at both voxel and regional levels of analysis.
The mechanism(s) by which substitution of risperidone might enhance fMRI measures of frontal function remain(s) hypothetical. Withdrawal of typical antipsychotics, without introduction of an alternative agent, might be expected to increase neuronal activity in frontal cortex by reducing postsynaptic D 2 receptor antagonism. In support of this interpretation, Holcomb et al. (35) have reported that schizophrenic patients withdrawn from treatment with the D 2 antagonist haloperidol over a 30-day period had increased metabolism in anterior cingulate and medial and inferior frontal cortices; additionally, evoked response studies by Dick et al. (36) have demonstrated reduction 
Data are from 20 patients with schizophrenia, each scanned twice, and 10 healthy volunteers, each scanned once. The total number of voxels and Talairach coordinates for peak response in each regional cluster are shown in parentheses for the normal healthy volunteers.
in amplitude of the motor readiness potential (generated by medial and lateral premotor cortex) after treatment of normal subjects with haloperidol. Reduced D 2 antagonism in the nigrostriatal dopaminergic system might enhance frontal cortical activity by reducing inhibitory output from globus pallidus (37, 38) . Reduced D 2 antagonism in the mesoneocortical system might disinhibit pyramidal cell activity in frontal cortex by inhibiting (␥-aminobutyric acid) GABAergic interneuronal activity. GABAergic interneurons normally act to inhibit pyramidal cell activity, and they are the main cellular site of D 2 receptors in frontal cortex (39) ; however, it is currently controversial whether dopamine has excitatory or inhibitory effects on these cells (40) (41) (42) (43) .
Alternatively, it is possible that substitution of risperidone might have modulated frontal neuronal activity by a serotonergic mechanism. Risperidone has greater antagonist affinity for postsynaptic 5HT 2A receptors than typical antipsychotic drugs have, and 5HT 2 receptors mediate the excitatory effects of ascending projections from the brainstem raphe nuclei on GABAergic interneurons in frontal cortex (39) . Thus substitution of risperidone might act to disinhibit pyramidal cell activity, and so increase functional response, by blocking serotonin effects on inhibitory interneurons.
A third possible mechanism is based on an interaction between dopaminergic and serotonergic systems. Serotonin has been shown to have an inhibitory effect on presynaptic dopamine release (44, 45) , and 5HT 2 receptor antagonism has been shown to cause increased dopamine release in animal models (46) . Serotonergically enhanced dopamine release might in turn affect neuronal activity by either one or both of the D 2 receptor-based mechanisms already described, or by D 1 receptors, which are located preferentially on pyramidal cell bodies and have a critical role in optimizing frontal cortical response to working memory tasks (47) .
Thus dopaminergic and͞or serotonergic effects of substituting risperidone for typical antipsychotic drugs might directly cause enhanced functional activation of prefrontal and medial premotor areas, which are known to receive a rich dopaminergic input from midbrain nuclei in the macaque monkey (48) . Associated changes in functional response of posterior parietal cortex were not hypothetically predicted, and dopaminergic afferentation of this cortical area has not been so well characterized in nonhuman primates. It is possible that posterior parietal cortex independently receives a dopaminergic input which is modulated by drug substitution. However, it is well known that prefrontal and posterior parietal cortices are densely and reciprocally interconnected anatomically (49) , and it may be that the parietal changes observed in these data reflect a ''downstream'' effect of the primary effects of drug substitution on frontal cortical areas.
All of these explanatory models have in common a neuronal site of action, but of course fMRI does not directly measure neuronal activity: it measures change in cerebral blood flow and oxygenation. Such changes as we have observed could be induced by pharmacological effects on underlying neuronal activity, but it is also conceivable that they reflect pharmacological effects on the hemodynamic response characteristics of the cortical vasculature. It is relevant to this interpretation that dopaminergic terminals have recently been demonstrated in close proximity to intracortical arterioles in brain slice preparations, and introduction of dopamine agonist drugs caused vasoconstriction (50) . Gollub et al. (51) have also used perfusionweighted magnetic resonance imaging to demonstrate a global reduction in cerebral perfusion after intravenous administration of cocaine. These observations suggest a role for dopamine in cerebral vasoregulation, but this seems an unlikely explanation for our data for three reasons: (i) dopamine has a vasoconstricting effect on cerebral blood vessels, whereas a vascular explanation for our findings would demand that it acted as a vasodilator; (ii) vasoconstricting effects of dopaminergic drugs on cerebral blood flow do not necessarily affect the magnitude of acute hemodynamic response to experimental stimulation (51); and (iii) evoked response potential effects of dopaminergic agonists and antagonists are consistent with a neuronal explanation for enhanced functional response after substitution of risperidone (36) .
Although it is clearly not possible to decide definitively between these possible explanations for a pharmacological effect on these data, an entirely nonpharmacological explanation for our findings is difficult to sustain. There was no significant difference between typically and atypically treated cohorts in task performance during scanning. Nor was there any significant difference between groups in stimulus-correlated head motion (which can cause major artifacts in fMRI time series). Our experimental and analytic procedures are validated by the close correspondence between the activation pattern we observed in healthy volunteers and previous accounts of the functional anatomy of working memory in normal human subjects.
The main limitation of the study is the naturalistic assignment of patients to treatment groups. This was dictated by ethical considerations. fMRI is a relatively new technique for human brain mapping, which has not previously been used to measure treatment effects in psychiatric patients. In light of the innovative nature of this study, we considered it inappropriate to risk either denying atypical drug treatment to patients who might benefit from it, or disturbing patients satisfactorily managed on typical drugs, by a randomized design. Consequently, the patient cohorts are not well matched symptomatically; the risperidonetreated cohort had higher scores on psychopathology scales than the typically treated cohort at baseline and 6 weeks. There was also a nonsignificant difference between cohorts in the frequency of adjunctive anticholinergic treatment: more patients in the typically treated cohort were taking procyclidine than in the risperidone-treated cohort. However, we have used a two-way ANCOVA model to estimate effects of drug substitution while controlling post hoc for effects on functional response of symptom status and other consistent differences between cohorts (such as frequency of procyclidine treatment). We hope that by demonstrating the feasibility of using fMRI to map psychopharmacological effects in patients, the present study makes randomized assignment of patients to treatments ethically less problematic in the future.
Another question concerns the cognitive and clinical correlates of enhanced functional activation in the risperidone-treated group. Treatment with risperidone has previously been associated with significantly improved clinical status (52) and cognitive performance (6) in larger samples of patients. We found comparable (but nonsignificant) trends toward improvement on both these dimensions. We suggest that our inability to detect significant clinical or cognitive improvement in these data may be a type II error, reflecting our smaller sample size, the relatively low load imposed on working memory, and͞or a ceiling effect on the measure of performance accuracy. The question of how antipsychotic drug effects on frontal activation might be related to, or even predictive of, their effects on behavioral measures of cognition remains an intriguing focus for further study.
In summary, we have provided direct evidence for enhanced prefrontal cortical activation in schizophrenic patients after substitution of risperidone for typical antipsychotic drug treatment. We suggest that these data are compatible with in vitro evidence for relatively reduced mesocortical D 2 blockade by atypical antipsychotic drugs, and indicate the potential value of fMRI as a tool for longitudinal assessment of psychopharmacological effects on cerebral physiology.
